Home recording of peak expiratory flow (PEF) is considered to be useful in managing childhood asthma. Recent consensus reports from the USA [1] and the UK [2, 3] propose the use of PEF recordings as a basis for modifying anti-inflammatory treatment or seeking medical help. The underlying assumption for this practice is that changes in PEF are a reflection of airways hyperresponsiveness and asthma severity [4] . Unfortunately, very few data are available on the relationship of PEF variation to other indices of disease activity in childhood asthma. In a population-based study of children with mild asthmatic symptoms, PEF variation was weakly associated with the degree of methacholine responsiveness, with symptom scores, and with the presence of atopy [5] . Similar results were found in a study of children with moderately severe asthma undergoing immunotherapy [6] . Treatment was not standardized in either of these studies. This might be important, as it has been shown that maintenance therapy with inhaled steroids considerably reduces PEF variation [7, 8] .
There is no agreement on the best way of analysing and expressing PEF values as recorded in a diary. A commonly used method to express diurnal changes is to divide the difference between morning and evening values by their mean, averaged over a period of time (amplitude % mean). Although this index has been used in population studies [9] and clinical trials [6] , its use has been criticized because isolated important drops in PEF are "averaged out" and may be lost in analysis [10] . In order to increase the appreciation of such isolated or short-term reductions of PEF, variation can be expressed as a standard deviation (SD) or coefficient of variation (CV) of all results obtained over a period of time [5, 10] . Another approach is to compute the patient's lowest PEF as a percentage of his/her highest value, as is currently applied in self-management plans [1] [2] [3] 11] . Next to diurnal changes in PEF, day-to-day variation can be calculated. The relative merits of these different ways of expressing PEF variation have not yet been studied in children with asthma.
In this report, we examine the cross-sectional relationship of PEF variation, expressed in 5 different ways, to asthma symptom severity, to degree of airways obstruction and hyperresponsiveness, and to markers of atopy.
The study sample comprised schoolchildren with clinically stable asthma, who were on standardized therapy (inhaled bronchodilators only, all anti-inflammatory therapy withdrawn) [7] .
Methods
For this report, baseline data of a long-term study on inhaled steroids in childhood asthma were used [7] . Patients were recruited for this study between 1987 and 1989, when anti-inflammatory treatment was commonly, but not universally, prescribed to children with chronic asthma in the Netherlands. Details of patient recruitment and study methods have been published previously [7] . The main inclusion criteria were: a clinical diagnosis of asthma; demonstrable airways obstruction (defined as a forced expiratory volume in one second (FEV1) 55-90% of predicted; and/or a FEV1/forced vital capacity (FVC) ratio of 0.5-0.75); and airways hyperresponsiveness (defined as a provocative dose of histamine causing a 20% fall in FEV1 (PD20) ≤150 µg; see method below) after withdrawal of anti-inflammatory therapy; and willingness to participate in a 2 year clinical trial.
Children with asthma, aged 7-14 yrs, entered the baseline period of the study after tapering-off and withdrawing all pulmonary maintenance medication. For a period of 4 weeks, they used only inhaled β 2 -agonists on demand. During the last 2 weeks of this baseline period, they kept a diary of symptoms (on a 12-point scale), β 2 -agonist use and PEF. During the entire two year trial, patients were asked to fill out such two week diaries before each two monthly out-patient clinic visit. These two week periods were chosen as a compromise between no diary data at all (which was undesirable) and a daily diary kept for two full years (which was regarded as asking too much of the patients) [12] . In this paper, only the baseline diary data on symptoms and PEF will be reported.
All patients received a new mini-Wright PEF meter and standardized instructions on how to use it. PEF was recorded between 07.00 and 09.00 h and between 17.00 and 19.00 h, before inhaling β 2 -agonist. On each occasion, the best of three blows was recorded in the diary. At the end of the 2 week period, all patients demonstrated a PEF manoeuvre to ensure that a reliable technique had been used.
At the beginning and the end of the baseline period, patients visited the out-patient clinic for further characterization, including a standardized respiratory questionnaire, physical examination, spirometry, histamine challenge, blood eosinophil counts and determination of total serum immunoglobulin E (IgE) levels and radioallergosorbent tests (RAST) to common aeroallergens. Reference values used were those of ZAPLETAL et al. [13] .
Diary cards with missing data were excluded from this analysis. The number of puffs of β 2 -agonists used per day was added to the symptom score of that day to derive a severity score. Both the symptom score and the severity score were averaged over 14 days. Variation of PEF was analysed in several ways (table 1) . Firstly, for each day, diurnal variation was computed (highest minus lowest value as a percentage of the mean of the two) and averaged over 14 days (amplitude % mean). Secondly, the SD and CV of all PEF values recorded over the 2 week period were calculated. Thirdly, the lowest level of PEF observed during the 2 week period was expressed as a percentage of the highest value obtained (low % best). Finally, mean day-to-day changes of morning PEF were computed in absolute terms (L·min -1 ) and as a percentage of mean morning PEF (day-to-day % mean).
Data on PD20, eosinophil counts, and IgE levels were log-transformed before analysis. Because of their highly skewed distributions, symptom and severity scores were analysed using Spearman rank correlation coefficients. The distributions of all other variables were not significantly different from a standard normal distribution; hence, parametric techniques (Pearson correlation coefficients, Student's t-tests) were applied. Data were analysed using Statistical Package for the Social Science (SPSS; Chicago, USA) for Windows™ version 5.0.1. A p-value of less than 0.05 was considered significant.
Results
Of the 116 children who completed the baseline period of the study, 102 (88%) filled out their diary cards completely and reliably. Data on these 102 children, whose characteristics are presented in table 2, are used in this paper. These 102 patients were comparable to the entire root population of 116 from which they were drawn with respect to all variables presented in table 2. The eight patients who had asthma exacerbations during the baseline period were withdrawn from the study. Because their diary data were incomplete, they were not included in the present analysis. Airways obstruction and hyperresponsiveness did not worsen during the baseline period. At the first visit, mean (SE) FEV1 % pred was 77 (1)%, at the second visit it was 79 (1)% (95% confidence interval (95% CI) for difference -5.0 to 0.1). Mean (SE) log 2 PD20 was 4.2 (0.2) µg at the beginning and 4.2 (0.1) µg at the end of the baseline period (95% CI for difference -0.3 to 0.2). The study group, therefore, comprised children with moderately severe, but clinically stable asthma. The majority of children (81%) had used inhaled anti-inflammatory agents before entering the study (28% sodium cromoglycate, 31% inhaled steroids, 22% both). The median age at which their asthma had commenced was 2 yrs; the mean duration of asthma was 7.9 (SD 3.1) yrs. Virtually all patients were atopic; 80% had a positive RAST to house dust mite. All indices of PEF variation were comparable between children who had or had not been using inhaled antiinflammatory agents before the study (all p-values >0.1). Current age, age at onset of asthma, and the duration of asthma were not related to indices of PEF variation. Males showed larger PEF variation than females, most strongly so for amplitude % mean (male mean (SD) 12 (8)%, female 17 (8)%; 95% CI for difference 1.1-8.1%).
The correlation coefficients of indices of PEF variation to the degree of airways obstruction, histamine hyperresponsiveness, and markers of atopy are presented in table 3. LogPD20 histamine was significantly related to different indices of PEF variation, most strongly for amplitude % mean. There was a wide scatter of individual data, however ( fig. 1 ). Markers of atopy were not significantly related to indices of PEF variation. Table 4 shows the rank correlation coefficients of indices of peak flow variation to symptom and severity scores. Significant associations were found between symptoms and all indices of PEF variation, most strongly for low % best. Despite being statistically significant, correlations were relatively weak (table 4). Indices of PEF variation were also compared between children with different answers to questions on the standardized respiratory questionnaire. PEF variation was not significantly different between children who had suffered from troublesome wheeze (either spontaneously or induced by wheeze or colds) or cough in the past year and children who had not (p>0.1). Children who had experienced one or more exacerbations of asthma requiring systemic steroids in the past year, however, had significantly higher PEF variation (mean (SEM) amplitude % mean 15 (1)%) than children without such exacerbations (10 (1)%, 95% CI for difference 1.4-8.6%).
An example of a chart of PEF values of an individual patient is presented in figure 2 . This patient, a 12 year old boy, had a marked drop in PEF on days 10-12. The values for different indices of PEF variation for this period in this patient are given in the legend to figure 2. Figure 3 displays the frequency distribution of three indices of PEF variation in the entire study population, namely amplitude % mean (which is the most commonly applied method), SD (which is statistically the most appropriate method to express variation), and low % best (which can be easily calculated in the office without the use of electronic equipment).
Discussion
This study shows that, in a group of children whose asthma is clinically stable during a 4 week period of treatment with only inhaled β 2 -agonists, variation of PEF is significantly related to simultaneously recorded symptom scores and to airways hyperresponsiveness to histamine. This is in accordance with results of other studies, both in children [5, 6] and adults [8, 14] . The correlations, although statistically significant, are weak. In an early study by RYAN et al. [15] a much stronger correlation (r=-0.81) was described between diurnal PEF variation and histamine responsiveness. In this study, however, diurnal PEF variation was computed as the difference between the highest PEF after salbutamol minus the lowest PEF before salbutamol. This way of expressing PEF variation, which adds pharmacologically induced variation in PEF to spontaneously occurring changes, may not be valid and has not been used by others. Nevertheless, the paper by RYAN et al. [15] is commonly quoted as evidence that diurnal PEF variation reflects airways responsiveness to histamine or other stimuli.
The results presented here, along with those observed by others [5, 6, 8, 14] , strongly suggest that diurnal PEF variation and airways hyperresponsiveness are distinct, though related, phenomena in asthma, and that neither measurement can be used as a proxy for the other. The same applies to symptom scores, which were also significantly, but weakly, related to PEF variation [5, 6] . In our study sample, PEF variation was not related to markers of atopy. This is in contrast to the findings of an epidemiological study [5] . Because the vast majority of children in our study were atopic, our study probably lacked the contrast to demonstrate an effect of atopy on PEF variation.
The expression of PEF variation is a contentious issue. Most clinicians will inspect a chart of home PEF recordings looking for changes in level or variation of PEF, without actually calculating numerical values. The most commonly used calculation of PEF variation is the amplitude % mean, which averages diurnal variation in PEF over a number of days [6, 9] . This and other indices, which average diurnal variation over time, have the disadvantage that they "may fail to recognize a small There is a clinically important reduction of PEF on days 10-12. The average amplitude % mean over this period is 9%, the average day-to-day variation 11%. The SD of all PEF measurements is 38.1 L·min -1 , the coefficient of variation is 11%. The lowest recorded PEF in this period is 250 L·min -1 (on day 11), which is 62% of the highest recorded PEF value (400 L·min -1 , on days 1 and 2, pm). For definitions see legend to figure 1. number of clinically important low PEF values in an otherwise homogeneous distribution" [10] . This is illustrated in figure 2: this patient had a clinically important drop in PEF on days 10-12, but the average amplitude % mean over this period was 9%, which is well within the "normal" range, reported to be <31% in asymptomatic children [16] . If this definition had been used in our study, 97% of patients with asthma would have had a "normal" amplitude % mean. Sixty five per cent of patients had amplitude % mean values <15%, which is the cut-off level most commonly used in self-management plans (fig. 3a) .
Our results, therefore, confirm earlier observations that amplitude % mean does not reliably identify reductions in PEF if they are isolated or short-term [10] . Such isolated or short-term reductions in PEF, which are very common in asthmatic children [17] , may be better appreciated by calculating the SD (fig. 3b) or the CV of all PEF values recorded over a period of time. Although this approach is statistically and scientifically valid, these numbers cannot be calculated quickly and manually. As a result, using SD or CV as an index of PEF variation is not feasible in clinical practice. Conversely, calculating the lowest PEF as a percentage of the highest PEF value can be performed quickly and easily in the office. This index correlates as strongly to symptom scores, airways obstruction and hyperresponsiveness as do other expressions of PEF variation (tables 3 and 4). The example in figure 2 illustrates that this expression does identify short-term or isolated drops in PEF. The present index resembles that recently introduced by REDDEL et al. [18] , who recommended the minimum morning PEF over a one week period as percentage of personal best value. Indeed, this parameter was also related to airways hyperresponsiveness in asthmatic adults [18] .
Based on the present findings, we therefore propose the expression of PEF variation as the lowest recorded PEF as a percentage of the patient's best (over short periods of time) in future studies. Obviously, a prerequisite for using this index reliably is the absence of a single high or low outlying PEF value, which could be due to a technically unsatisfactory manoeuvre. Before low % best is calculated, therefore, inspection of the results for such outliers is recommended.
The distribution of low % best in our group of children with asthma is presented in figure 3c . Ninety five per cent of all patients had a lowest PEF <85% of their best value. Two population studies in children reported data on the distribution of PEF variation in healthy subjects. Ninety five per cent of these healthy children aged 6-14 yrs had a lowest % best of >80% [16] , and 95% of healthy adolescents aged 12-15 yrs had a lowest PEF as a percentage of the mean (rather than the highest) PEF of more than 90% [10] . From these data, it appears reasonable to propose that a lowest PEF higher than 80-90% of the highest PEF in a given subject can be interpreted as "normal".
Despite the fact that these children had moderately severe asthma, most of them tolerated withdrawal or reduction of inhaled anti-inflammatory medication well during the 4 week baseline period. Very few patients were withdrawn from the study during the baseline period due to worsening of their asthma, and FEV1 % pred and PD20 histamine did not deteriorate. This is in contrast to findings in adult asthmatics, in whom FEV1 % pred and PC20 histamine deteriorated significantly during an identical baseline period after withdrawal of inhaled antiinflammatory agents [19] . We have previously found that, after withdrawal of inhaled steroid treatment, it takes 1-2 months before an aggravation of airways obstruction and hyperresponsiveness becomes apparent [20] . The fact that this occurs more quickly in adults [19] , added to the finding that maintenance treatment with inhaled steroids in children results in more pronounced reduction of airways hyperresponsiveness [7] than it does in adults [21] , may suggest that asthma in children responds more favourably than asthma in adults to inhaled steroid treatment. This could be viewed as support for the hypothesis that, in asthma, anti-inflammatory treatment should be instituted at an early stage of the disease [22, 23] .
In conclusion, peak expiratory flow variation in children with clinically stable asthma is significantly, but weakly, related to symptoms and hyperresponsiveness. Expressing peak expiratory flow variation in terms of the lowest recorded peak expiratory flow as a percentage of the highest value obtained is easy to perform, will pick up isolated or short-term episodes of reduced peak expiratory flow, and is clinically appealing. Lowest peak expiratory flow less than 80-90% of the highest peak expiratory flow (recorded over a short period of time) may be considered as reduced, or abnormal.
